Long noncoding RNAs (LncRNAs) have been identified as important regulators of testis development; however, their expression patterns and roles in sheep are not yet clear. Thus, we used stranded specific RNA-seq to profile the testis transcriptome (lncRNAs and mRNAs) in premature and mature sheep. Hormone levels and the testis index were examined, and histological analyses were performed at five stages of testis development, 5-day-old (D5), 3-month-old (3M), 6-month-old (6M), 9-month-old (9M), and 2-year-old (2Y), the results of which indicate a significant difference in hormone levels and testis morphometries between the 3M and 9M stages (P < 0.05). Based on the comparison between 3M and 9M samples, we found 1,118 differentially expressed (DE) lncRNAs and 7,253 DE mRNAs in the testes, and qRT-PCR analysis showed that the results correlated well with the transcriptome data. Furthermore, we constructed lncRNA-protein-coding gene interaction networks. Forty-seven DE lncRNA-targeted genes enriched for male reproduction were obtained by cis-and trans-acting; 51 DE lncRNAs and 45 cis-targets, 2 DE lncRNAs and 2 trans-targets were involved in this network. Of these, 5 lncRNAs and their targets, PRKCD, NANOS3, SERPINA5, and CYP19A1, were enriched for spermatogenesis and male gonad development signaling pathways. We further examined the expression levels of 5 candidate lncRNAs and their target genes during testis development. Lastly, the interaction of lncRNA TCONS 00863147 and its target gene PRKCD was validated in vitro in sheep Leydig cells. This study provides a valuable resource for further study of lncRNA function in sheep testis development and spermatogenesis.
Introduction
Spermatogenesis is a complex developmental process that involves many testis or male germ cell-specific gene products that undergo strict developmental regulations [1, 2] . Identification of key regulators or signaling pathways in these developmental programs could potentially be useful for understanding the mechanisms of For permissions, please e-mail: journals.permissions@oup.com spermatogenesis at the molecular level and identifying candidate genes for male reproductive ability. Previous genomic studies on transcriptome profiling were largely limited to protein-coding genes [3, 4] . Importantly, protein-coding genes only account for a small percentage (1%-2%) of the transcriptome; the majority are noncoding transcripts that do not translate into proteins [5, 6] . These large amounts of transcript species are known as noncoding RNAs (ncRNAs). However, emerging evidence highlights that ncRNAs, such as microRNAs (miRNAs) [7] , PIWI-interacting RNAs [8] , small interfering RNAs (siRNAs) [9] , and long noncoding RNAs (lncRNAs) [10] have a wide variety of functional roles. Long noncoding RNAs are one of the most abundant ncRNA families, their sizes ranging from 200 bp to >100 kb [5] . Many lncRNAs are transcribed by RNA polymerase II, just as mRNAs without protein-coding ability [5] , or formed by processing other transcripts. Systematic identification of the role of lncRNAs has been performed in many animal and plant species. Some lncRNAs have been functionally annotated and characterized in testicular development and spermatogenesis [11] . For example, THOR, a testis-associated highly conserved oncogenic lncRNA, interacts with insulin like growth factor 2 mRNA binding protein 1 (IGF2BP1) and plays a potential role in oncogenesis and testis physiology [12] . Mouse germ cell-specific lncRNAs 1700108J01Rik and 1700101O22Rik were found participate in post-transcriptional regulation during testis spermatogenesis [13] . Another testis germ cell-specific lncRNA, Tcam1, plays a role in specific gene activation during meiosis [14] . Dmr, a testis-specific functional lncRNA, is able to form a trans-splicing RNA isoform with doublesex and mab-3 related transcription factor 1 (DMRT1). The DMRT1 protein could promote spermatogonial development and prevent premature meiosis in spermatogonia [15] , indicating that the lncRNA Dmr might possibly be involved in the switching between mitosis and meiosis during germ cell development. Long noncoding RNA testis specific X-linked (Tsx) was found specifically expressed in pachytene spermatocytes, but not in spermatogonia or round spermatids [16] , suggesting its regulatory role in germline meiotic division. The lncRNA mrhl played a negative role in Wnt signaling in mouse spermatogonial cells through its interaction with DEAD-box helicase 5 (DDX5) [17] , which indicated its important role in regulating mouse spermatogenesis. Spga-lncRNA1 and 2 were demonstrated to have significant differentiation inhibitory effects in maintaining the stemness of spermatogonia [18] .
Hu sheep are a Chinese indigenous breed with high fertility. It is meaningful to investigate the physiological mechanisms of their prolificacy. Recent studies have investigated the ovarian miRNA and lncRNA profiles of highly prolific sheep [19, 20] . However, the testes are also important organs in prolificacy, in that they guarantee the coordinated process of spermatogenesis. Sheep testes mainly undergo three histological changes during their development: the prepuberty, maturity, and adulthood stages. During prepuberty, i.e. from the first month till the fifth month, no spermatogenesis is initiated. The stage of maturity begins at 6-9 months of age, at which point the production of spermatozoa is initiated. In the adulthood stage, the testes produce higher amounts of spermatozoa. An increasing number of lncRNAs in the testes is being characterized by high-throughput sequencing studies in other species, such as mice [21] , humans [22] , and pigs [23] . One hundred and one identified lncRNA transcripts were found to be significantly differentially expressed (DE) in premature and mature pig testes [23] . Some lncRNAs were specifically expressed in the testis/sperm, and 880 lncRNAs were conserved between humans and mice [24] . However, a systematic analysis of lncRNAs expressed in sheep testes during sexual maturation has not yet been reported.
In this study, we first systematically analyzed the hormone levels and testis morphometries at the five stages of testis development in Hu sheep: 5 days old (D5), 3 months old (3M), 6 months old (6M), 9 months old (9M), and 2 years old (2Y). We then identified lncRNA and mRNA expression patterns in the testes of the sheep at the premature (3M) and mature stage (9M). Differentially expressed lncRNAs were then used for functional enrichment analyses to predict cis-and trans-target genes. This is the first study to identify lncRNAs during the sexual maturation of sheep testes, and our data provide a useful resource for studying the functional roles of these lncRNAs in testis development and spermatogenesis.
Materials and methods
The experimental procedures were conducted in accordance with the approval of the Animal Experiments of Nanjing Agricultural University, China, and were approved by the Animal Care and Use Committee of Nanjing Agricultural University, China (Approval ID: SYXK2011-0036).
Animals and samples collection
Fifteen male Hu sheep with similar genetic background from the same breeding farm were selected according to their female parents with litter size of three for at least two consecutive lambings. They were divided into five groups according to the different stages (D5, 3M, 6M, 9M, and 2Y). The sheep in each group had similar body weight and were fed at the Jiangsu Hailun Sheep Industry Limited Company, Jiangyan, China. The sheep were euthanized with a penetrating captive bolt gun. Blood samples were collected from the jugular vein, and the testes were immediately removed (within 5 min). The weight, circumference, and diameter of the testes were measured before tissue harvesting. The testis tissue and blood samples were immediately collected. A quarter of each right testis near the epididymal tail from each ram was collected with RNAlater and snap-frozen in liquid nitrogen immediately for RNA extraction.
Plasma hormone assay and testis hematoxylin-eosin staining
The blood samples were centrifuged at 3000 g for 10 min, after which the supernatant was collected and stored at -20
• C. Estrogen (E) and testosterone (T) levels were analyzed by ELISA, following the instructions for the Sheep Estrogen (DRE-S5771c) and Testosterone (DRE-S9103c) ELISA kits by Kmaels Biotech Co., Ltd. First, wells on a detection plate were designated as standard wells, sample wells, and blank wells. Fifty microliters of different concentrations of the standard were added into the standard wells, and the 10 μL of blood samples and 40 μL of sample dilutions were added into the sample wells. Second, 50 μL of horseradish peroxidase labeled detection antibodies were added into each well and incubated at 37
• C for 60 min. Next, after washing the wells for five times using the washing solution, 50 μL of substrates A and B were added into each well and incubated in the dark at 37
• C for 15 min. Finally, 50 μL of the stop solution was added, and the OD values were detected at a wavelength of 450 nm within 15 min. The coefficients of variation of inter-and intra-assay CV were less than 15% during the detection process. The testis tissues were washed with 0.9% saline, and then fixed with Bouin's solution containing 75 mL saturated bitter acid solution, 25 mL formaldehyde, and 5 mL glacial acetic acid for 48 h at room temperature. Next, the tissues were embedded in paraffin and 5-μm-thick sections were made for hematoxylin-eosin (HE) staining. In addition, Sertoli cells (SCs), spermatogonia (Sg), and sperm (Sz) were counted from 30 seminiferous tubules of 9M and 2Y testis tissues. The morphology of testis tissues was observed under a virtual microscope (Olympus, BX51, Japan).
RNA extraction and real-time quantitative PCR
The total RNA of sheep testis tissues was isolated by TRIzol (Invitrogen Life Technologies, Carlsbad, CA), and RNA concentrations and quality were examined by NanoDrop (NanoDrop Technologies, Wilmington, DE). Complementary DNA was then synthesized using a reverse transcription (RT) reagent kit, with gDNA Eraser (Takara, Dalian, China). Next, qPCR was performed to detect 10 DE protein-coding genes and screened lncRNAs using a StepOnePlus Real-Time PCR System (Life Technologies) with SYBR Green Master mix (Roche Applied Science, Mannheim, Germany). The 20 μL reaction solution contained 10 μL SYBR, 7.8 μL RNase-free water, 1 μL cDNA, 0.6 μL forward primer, and 0.6 μL reverse primer. The reaction system consisted of a holding stage of 2 min at 50
• C, and 10 min at 95 Table S1 ; their specificities were validated by PCR amplification and PCR products run on a gel (Supplemental Figure S1 ).
Complementary DNA library preparation and sequencing
A total amount of 1.5 μg RNA per testis sample was used for cDNA library construction. First, ribosomal RNA was removed from total RNA using the Ribo-Zero TM kit (Epicentre, Madison, WI). Then, the sequencing libraries were generated using NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB, Ipswich, MA), and index codes were added to attribute sequences to each sample. The first and second strands of cDNA were synthesized using random hexamer primers/reverse transcriptase and DNA polymerase I/RNase H, respectively. The remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. The 3 ends of DNA fragments were adenylated and hybridized using a NEBNext adaptor with a hairpin loop structure. After cDNA library fragments were purified with AMPure XP Beads (Beckman Coulter, Beverly, MA), the 150-200 bp fragments were selected for library construction. The size-selected and adaptor-ligated cDNA was reacted using 3 μL USER Enzyme (NEB, USA) at 37
• C for 15 min.
Then, PCR was performed with Phusion High-Fidelity DNA polymerase (NEB), universal PCR primers, and Index (X) Primer. The PCR products were purified by the AMPure XP system, and the cDNA library quality was assessed using Agilent Bioanalyzer 2100 and qPCR. Lastly, strand-specific transcriptome sequencing was conducted using Illumina HiSeq X Ten with PE150, developed by BMK (Beijing, China).
Transcriptome assembly and long noncoding RNA identification
After sequencing, paired-end reads were generated. First, the fastq format raw reads were processed by in-house Perl scripts, and clean reads were obtained after removing low-quality reads. Meanwhile, Q20, Q30, GC-content, and sequence duplication levels of the clean data were calculated. The final clean reads were then mapped to the Ovis aries reference genome (Oar v3.1) using TopHat2 [25] , and the protein-coding genes were identified. Then, the transcriptome was assembled using Cufflinks and Scripture. Second, the assembled transcripts were annotated using Cuffcompare software from the Cufflinks package, and the remaining unknown transcripts were used for lncRNA identification. Furthermore, we selected lncRNAs using a minimum length of more than 200 nt and an exon number threshold of more than two exons. Moreover, the transcripts with a FPKM (fragments per kilobase per million mapped reads) value ≥0.1 were selected, and, finally, the lncRNAs were distinguished using CNCI, CPC, PFAM, and CPAT software (Supplemental Figure S2 ).
Analysis of differential expression of mRNAs and long noncoding RNAs
The FPKM value, as the index of the expression level of lncRNA and protein-coding mRNA in every sample, was calculated by Cuffdiff software (v2.1.1). Differential expression analyses in the 3M and 9M groups were performed using the DESeq R package (1.10.1). To count the DE mRNAs and lncRNAs, an adjusted P-value of <0.01 and an absolute value of |log 2 (fold change)| >1 were set as the filter criteria for significant differential expression. The differential cluster analysis of genes and a volcano plot of DE mRNA/lncRNA were drawn by the BMK platform (http://www.biocloud.net/).
Long noncoding RNA target gene prediction analysis
To explore the roles of lncRNA in testis development, lncRNAtargeted genes were predicted based on the cis and trans principle. Cis action indicated a positional relationship, representing a gene located within the range of 100 kb from the lncRNA. Trans action meant that there were complementary sequences between the mRNA and lncRNA; the sequences of mRNAs that overlapped with lncRNAs were predicted by LncTar software [26] . These two interaction mechanisms were considered preferential for the prediction of lncRNA-targeted genes.
Functional enrichment analysis
Gene functional enrichment analysis included Nr (NCBI nonredundant protein sequences), Pfam (Protein family), KOG/COG (clusters of orthologous groups of proteins), Swiss-Prot (a manually annotated and reviewed protein sequence database), GO (Gene Ontology; http://www.geneontology.org/) [27] , and KEGG (Kyoto Encyclopedia of Genes and Genomes; http://www.genome.jp/kegg/) [28] , which were utilized for screening male reproduction-related DE mRNA and genes targeted by DE lncRNA.
Long noncoding RNA-Gene co-expression network construction
The male reproduction-related DE genes and DE lncRNA-targeted genes were screened by functional enrichment analysis. Proteinprotein interactions of DE genes were predicted by the STRING database (http://string-db.org/). Based on the Pearson correlation index calculation between the mRNAs and lncRNAs, we screened the most related lncRNAs and their target genes. We used Cytoscape [29] , an open software platform, for visualizing the interaction of genes.
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Cell transfection and qRT-PCR verification
Leydig cells (LCs) were isolated from 3M Hu sheep testes using collagenase IV in the lab and cultured in DMEM/F12 (Gibco Life Technologies, Carlsbad, CA), supplemented with 10% FBS (Gibco Life Technologies), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco Life Technologies), at 37
• C in a 5% CO 2 atmosphere. The siRNAs of lncRNA TCONS_00863147 were synthesized by the GenePharma company, Shanghai, China. The sequences of three siRNAs are listed in Supplemental Table S1 . Afterwards, the siRNAs were transfected into sheep LCs using the Lipofectamine 2000 reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's protocol. The cells were harvested for qPCR after incubation for 48 h. The expression levels of lncRNA TCONS 00863147 and its targeted gene protein kinase C delta (PRKCD) were analyzed by qRT-PCR.
Statistical analysis
All data were analyzed using the SPSS software (version 20.0). The number of different cell types was determined under a virtual microscope. Then, the histology, qPCR, and hormone data were expressed as mean values ± the standard errors of the means, and the multigroup comparisons of the means were analyzed using one-way analysis of variance. Post hoc contrasts were performed using the Tukey test. P-values of <0.05 were considered statistically significant. Each group contained three samples, and all experiments were repeated at least three times. The statistics of different cell counts were analyzed in 30 randomly selected seminiferous tubule cross sections in each group.
Results
Hormone levels and testicular development and morphology of Hu sheep at different maturation stages First, we examined the hormone levels, testicular index, and morphology at the D5, 3M, 6M, 9M, and 2Y stages. The hormone levels of E and T significantly increased with age at the first four stages (P < 0.05, Table 1 ). The T levels in the 3M and 9M groups were 15.49 ± 0.52 nmol/L and 16.74 ± 0.39 nmol/L, respectively (P < 0.05), while the T levels were lower in the 2Y group compared to the 9M group (P < 0.05). Moreover, the testis weight, circumference, and diameter also increased with age. Compared with the 3M group, testicle weight in the 9M group increased significantly (49.93 ± 6.85 g vs. 281.07 ± 25.50 g. P < 0.05; Table 2 ). Furthermore, testis weight was not significantly higher (P > 0.05), but the weight coefficient of testes was significantly lower in the 2Y group compared with the 9M group (P < 0.05; Table 2 ). Similarly, epididymis weight increased with testis development (P < 0.05; Table 2 ). Furthermore, we examined the histologic morphology of testicular tissues (Figure 1 ). In the D5 group, there were only Sg, LCs, and SCs. Spermatocytes appeared in the 3M stage, and their number increased in the 6M group. Spermatids and spermatozoa were found in the 9M stage; the number of spermatozoa was lower at the 2Y stage compared with the 9M stage (Supplemental Figure S3) . These results indicate a significant difference in hormone levels and testis morphometrics between the premature (3M) and mature (9M) stages.
Overview of long noncoding RNA and mRNA expression in sheep testes
To identify the expression of lncRNAs in premature and mature sheep testes, two cDNA libraries, named 3M and 9M, were constructed and sequenced using Illumina HiSeq X Ten. A total of 88.11 Gb clean data were obtained and mapped to the Ovis aries reference genome. More than 77% of the reads were mapped to the genome, and, within the mapped reads, about 95% of the reads were uniquely mapped to genome. The mapping efficiency is listed in Supplemental  Table S2 . We identified 33,884 lncRNA transcripts and 8,931 new genes using four programs: CNCI, CPC, PFAM, and CAPT ( Figure 2A and Supplemental Figure S2 ). The expression levels of mRNAs and lncRNAs were further analyzed using FPKM. The mRNA transcript levels were higher than those of lncRNAs, in the testes of both 9M and 3M sheep ( Figure 2B ). Moreover, the mRNA and lncRNA transcripts showed similar chromosome distribution patterns ( Figure 2C ). They were distributed on all chromosomes except the Y chromosome, most of transcripts being located on chromosomes 1, 2, and 3, and a small proportion of transcripts being Table 1 . The estrogen (E) and testosterone (T) hormone levels during Hu sheep developmental stages.
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Pearson's correlation coefficient (r 2 ) was used as the evaluation indicator to detect interindividual relatedness of the samples. The correlation coefficient tends toward 1 between samples from the same group, while it tends toward 0 between samples from different groups, thus indicating that it is reasonable to perform further data analyses (Supplemental Figure S4) . The expression levels of the lncRNA and mRNA transcripts were estimated using the FPKM values. Based on a fold change of ≥2 and false discovery rate of <0.05, in total, 1,051 DE lncRNA transcripts were upregulated and 67 were downregulated, and 4,158 DE mRNA transcripts were upregulated and 3,095 were downregulated in the 9M group compared with the 3M group ( Figure 3A) . A circos figure of chromosome distribution of the DE genes is shown in Figure 3B . We found that most of the DE genes were enriched on chromosomes 1, 2, 3, and the downregulated DE genes were mainly located on chromosome X ( Figure 3B ). The heat maps of DE mRNAs and lncRNAs in Supplemental Figure S5 were constructed using the FPKM values of transcripts, calculated by log 10 . To further evaluate the reliability of RNA sequencing, 10 DE lncRNAs and protein-coding gene transcripts were randomly selected to validate their relative expression levels in the testes of the 3M and 9M groups using qPCR. All levels of DE lncRNAs and mRNAs were consistent with the RNA-seq results ( Figure 3C ), indicating that the RNA-seq data were reliable.
GO and KEGG enrichment analysis of differentially expressed genes
Three hundred and twenty-seven upregulated and 379 downregulated DE genes that have been connected to male reproduction were screened through GO and KEGG enrichment analysis. The reproduction-related GO terms, such as spermatogenesis, sperm motility, organ morphogenesis, tissue development, and organ development, were in the top 20 enriched terms (Supplemental Table S3 ). Moreover, 151 upregulated and 91 downregulated DE genes were enriched for 11 GO terms associated with male reproduction, including spermatogenesis and testis development (Supplemental Figure S6A ). In total, 183 upregulated and 305 downregulated DE genes were enriched for 21 KEGG pathways associated with male reproduction (Supplemental Figure S6B) . The PI3K-Akt, MAPK, and Hippo signaling pathways were the top pathways that the DE genes enriched. The candidate DE genes that might be expressed in different sperm cell types are listed in Supplemental Tables S4 and S5. To identify the key genes related to testis development, 131 DE genes (with FPKM values of >10 and a fold change >4) were screened, and their interaction network was performed. As shown in Figure 4 , there were 15 downregulated and 84 upregulated DE genes that interacted with each other in the network. The results indicated that wnt family member 3 (WNT3), mitogen-activated protein kinase kinase 6 (MAP2K6), PRKCD, centrin 1 (CETN1), and odd-skipped related transciption factor 1 (OSR1), well as several new genes like ENSOARG00000017409, ENSOARG00000009458, and ENSOARG00000016219, are the hub genes in the interaction networks.
Long noncoding RNA-gene interaction network construction
To further explore lncRNAs that might be potentially involved in sheep testicular development, we predicted 1,739 target genes of DE lncRNAs based on the cis and trans RNA-RNA interaction principle. In total, 1,081 target genes were differentially expressed and annotated (Supplemental Figure S7) . We screened 47 DE target genes The results are expressed relative to the 3M group as the mean values ± SEM. * * denotes the extremely significant difference between two groups, P < 0.01. The relative expression levels were normalized to the expression levels of SDHA. The experiment was biologically repeated three times and technically repeated three times for each group. The results of RNA-seq were calculated by the FPKM of DE genes.
enriched for male reproduction-related pathways, such as spermatogenesis, sperm motility, reproduction, steroid hormone biosynthesis, and MAPK, PI3K-Akt, and Wnt signaling pathways, to construct an lncRNA-gene co-expression network (Supplemental Table S6 and Figure 5 ). Fifty-one DE lncRNAs and 45 cis-targets, as well as, 2 DE lncRNAs and 2 trans-targets, were involved in this network. TCONS 01495094 and TCONS 00863147 were trans-acting with capping actin protein of muscle Z-line subunit alpha 3 (CAPZA3) and PRKCD by the sequence complementarity action mechanism, respectively. Meanwhile, TCONS 01495094 and TCONS 00863147 were cis-acting with phospholipase C zeta 1 (PLCZ1) and transketolase (TKT), respectively, as well. The downregulated DE gene insulin like growth factor 1 (IGF1) was targeting-regulated by four upregulated DE lncRNAs. Interestingly, the downregulated gene sulfotransferase family 2B member 1 (SULT2B1) interacted with two upregulated lncRNAs TCONS 00512488 and TCONS 00548450. Moreover, TCONS 00548450 interacted with D-box binding PAR bZIP transcription factor (DBP).
Roles of screened differentially expressed long noncoding RNAs in the development of sheep testes
To further validate whether the identified DE lncRNAs play roles in male reproduction, five candidate lncRNAs, TCONS 00863147, TCONS 01767570, TCONS 00788763, TCONS 01962049, and TCONS 01981470, along with their target genes PRKCD, nanos C2HC-type zinc finger 3 (NANOS3), serpin family A member 5 (SERPINA5), and cytochrome P450 family 19 subfamily A member 1 (CYP19A1), were screened and examined during testis development. In Table 3 , four DE genes targeted by lncRNAs are shown in details. Their potential expression in different cell types in the testes was predicted. The target of lncRNA TCONS 00863147, PRKCD, was trans-regulated, while the others were cis-regulated. The expression of these lncRNAs and their target genes was examined in the testes in the D5, 3M, 6M, 9M, and 2Y groups ( Figure 6A-D) . The expression patterns of lncRNAs were similar to those of their target genes during testis development. The lncRNA TCONS 01981470 and its target gene CYP19A1 were specifically expressed in the testes. Another co-expressed lncRNA that targets CYP19A1, TCONS 01962049, is also expressed in the heart, liver, kidneys, and jejunum. The lncRNA TCONS 00863147 and its target gene PRKCD are expressed in eight tissue types (Supplemental Figure S8) . These results revealed these five lncRNAs, i.e. TCONS 00863147, TCONS 01767570, TCONS 00788763, TCONS 01962049, and TCONS 01981470, along with their target genes, PRKCD, NANOS3, SER-PINA5, and CYP19A1, might play important roles during testis development. Furthermore, to validate the interaction of our screened lncRNAs and their target genes, we transfected sheep LCs with lncRNA TCONS 00863147 siRNAs. The knockdown efficiency of siRNA3 was the highest among the three siRNAs tested ( Figure 6E ). The expression level of its target gene, PRKCD, in siRNA3-transfected group was significantly lower than in the control groups ( Figure 6F ).
Discussion
The important roles of lncRNAs during testis development and spermatogenesis have gained widespread attention in some species like mice [30, 31] , rats [32] , humans [24] , and pigs [23] . However, the regulatory mechanisms of lncRNAs in spermatogenesis are unclear, especially in sheep. Previous studies of lncRNAs in sheep concentrated on the brain, heart, kidneys, liver, lungs, ovaries, skin, and white adipose tissue [33] . In the present study, we not only studied the differential expression of lncRNA and mRNA during sheep testicular development in the premature (3M) and mature (9M) developmental stages, but also investigated the potential regulatory roles of lncRNAs in male sexual development.
Once gonads differentiate into testes, the secretion of testicular hormones becomes sufficient to promote masculinization of the embryo. In this study, we first examined steroid hormones and testicular morphometries at five stages of testis development in Hu sheep. Our results showed that rams had significantly higher estrogen and testosterone levels at the 9M stage than in the 3M stage, which resulted in Table 3 . increased testis weight and circumference. Testis development is normally accompanied by spermatogenesis, so, expectedly, in the 3M group, only spermatogonia, spermatocytes, and SCs were observed in the seminiferous tubules, while in the 9M group, spermatids and sperms were observed as well. On the other hand, steroid hormone levels and testis size were lower in the 2Y group compared with the 9M group. In our study, we indeed found that the number of SCs, Sg, and Sz decreased in the 2Y stage compared with 9M stage by HE staining, and the testosterone levels decreased in 2Y old group compared with 9M group by ELISA indicating that spermatogenesis may be affected by hormone secretion. These results establish the changes of hormonal levels and testicular morphometry in the developmental stages of sheep testes.
In total, 33,883 lncRNAs identified from sheep testes in our study shared many characteristics of those from other mammals like mice, rats, humans, and pigs [34] [35] [36] [37] , which reinforced the reliability of these lncRNAs. In addition, we found a similar chromosomal distribution of mRNAs and lncRNAs, i.e. on 26 autosomes and the X-chromosome, indicating that lncRNAs interacted closely with mRNAs. In addition, among 8,931 novel genes, such as Ovis aries newGene 87519, 43540, and 48434, that were enriched for spermatid development, Ovis aries newGene 44052 was enriched for spermatogenesis as well. We also screened five novel genes, Ovis aries newGene 34733, 187, 101602, 54558, and 86187, and they were enriched for AMPK, PI3K-Akt, Hedgehog, Hippo, and MAPK signaling pathways, which are related with male reproduction. These new genes may potentially play roles during testis development, and it is meaningful to investigate their regulation in androgenesis.
In our study, based on GO enrichment analysis, 206 DE genes were specifically enriched for spermatogenesis-, gonad development-, and hormone synthesis-related terms (Supplemental Table S4 ). The downregulated genes GATA binding protein 4 (GATA4), fibroblast growth factor receptor 3 (FGFR3), SRY-box 8 (SOX8), SRY-box 9 (SOX9), and doublesex and mab-3 related transcription factor 1 (DMRT1) and the upregulated genes ring finger protein 17 (RNF17), DEAD-box helicase 4 (DDX4), protamine 3 (PRM3), transition protein 2 (TNP2), and a new gene, Ovis aries newGene 44052, were enriched for spermatogenesis. We also found that insulin like 6 (INSL6) and kelch like family member 10 (KLHL10), highly expressed in sheep mature testes, were related to spermatid development, sperm motility, and male gonad development, which indicates that these genes might affect the sexual maturation of sheep. The downregulated genes NK3 homeobox 1 (NKX3-1), ras homolog family member B (RHOB) and catenin beta 1 (CTNNB1) and the upregulated genes mediator complex subunit 1 (MED1), ras homolog family member A (RHOA), DnaJ heat shock protein family (Hsp40) member C5 beta (DNAJC5B), DnaJ heat shock protein family (Hsp40) member A4 (DNAJA4), and Ovis aries newGene 57389 were enriched for the androgen receptor signaling pathway, which probably plays a role in androgen synthesis. Furthermore, KEGG enrichment analysis revealed that 488 DE genes were associated with 21 reproduction-related signaling pathways, such as the Wnt, VEGF, TGF-β, PPAR, Notch, MAPK, AMPK, JAK-STAT, PI3K-Akt, Hippo, and Hedgehog signaling pathways, as well as several hormone-related pathways, including the thyroid, steroid, GnRH, and estrogen signaling pathways. In Supplemental Table S5 , we predicted the testicular cell types that these pathways might play roles in [38] . Twelve new genes that were filtered, such as Ovis aries newGene 101602, 54558, and 86187, were enriched for MAPK, PI3K-Akt, Rap1, and Ras signaling pathways, and the upregulated Ovis aries newGene 187 was related to the Hedgehog, Hippo, and Wnt signaling pathways, which suggested that these new genes might play important roles in sheep testis development.
Although some potential lncRNAs have been identified in the testes, only a few have been functionally annotated with spermatogenesis and testis development. For example, the lncRNA mrhl could inhibit the activity of the Wnt signaling pathway through interacting with DDX5 in mouse spermatogonial cells [17] . The testis-enriched lncRNA AK015322 inhibited the expression of its target gene ets variant 5 (ETV5), which was a downstream effector for the functions of glial cell line derived neurotrophic factor (GDNF) in mouse spermatogonial stem cells [39] . In our study, based on the lncRNA-gene network, 51 DE lncRNAs and 47 of their male reproduction-related target genes were screened. However, due to the poor conservation of lncRNAs, we did not find the orthologs of these annotated lncRNAs in sheep testes by chromosome synteny. To date, studies of lncRNA functions in testes have mainly focused on mice, and no systematical studies in sheep testes have been performed. In our study, four highly expressed genes, PRKCD, NANOS3, SERPINA5, and CYP19A1, and their co-expressed lncRNAs were selected for further analysis of their function during testis development. Based on the published RNA-Seq data from seven cell types during mouse spermatogenesis [38] , we predicted the expression of these genes and their interacted lncRNAs in different spermatic cell types (Table 3) .
PRKCD is a predicted trans-target of the lncRNA TCONS 00863147 and is a member of the protein kinase C family [40] , enzymes that play critical roles in spermatogenesis. We found that the expression levels of PRKCD and the lncRNA TCONS 00863147 increased during testis development. Moreover, PRKCD and TCONS 00863147 were expressed in several other tissues, including the heart, liver, spleen, kidneys, duodenum, jejunum, ileum, and testes (Supplemental Figure S8) . PRKCD was also predicted to be expressed in all cell types during spermatogenesis. In our study, the potential interaction between the lncRNA TCONS 00863147 and PRKCD was examined in sheep LCs: lncRNA TCONS 00863147 knockdown using siRNA was accompanied by decreased expression of PRKCD. This result indicates that PRKCD might play a role in spermatogenesis through its interaction with the lncRNA TCONS 00863147 by a trans action mechanism.
NANOS3, a conserved zinc-finger domain found in the testes [41, 42] , is the putative cis target of the lncRNA TCONS 01767570 in our study. NANOS3 is predominantly localized in type A spermatogonia, primary spermatocytes (pre-meiotic), and round spermatids [43] . The expression level of NANOS3 was significantly higher at the 3M stage than in the 6M, 9M, and 2Y stages, and the expression of its co-expressing lncRNA TCONS 01767570 increased after birth. This suggests that TCONS 01767570 might play critical opposite roles on germ cell development in sheep via its cis-regulation of NANOS3.
SERPINA5 is a member of the alpha-1-antitrypsin clade (clade A) of serpins and the predicted cis target of lncRNA TCONS 00788763 in our study. Previous studies demonstrated that SERPINA5 has a prominent role in male reproduction and fertilization [44] [45] [46] . SER-PINA5 was expressed in LCs, spermatids [47] , SCs [48] , prophase I spermatocytes, and mature spermatozoa [49] . The expression of SERPINA5 is regulated by androgens [48] . It showed higher expression levels in premature testes, i.e. at the D5, 3M, and 6M stages, than in mature testes, i.e. the 9M and 2Y stages. More importantly, the expression pattern of the lncRNA TCONS 00788763 was similar to that of SERPINA5. Our results confirmed the cis interaction between the lncRNA TCONS 00788763 and its target SERPINA5.
CYP19A1, enriched for steroid hormone biosynthesis and androgen metabolic process, is a predicted target of the lncRNAs TCONS 01962049 and TCONS 01981470 in our study. It can regulate the synthesis of steroid hormones such as estrogens during spermatogenesis [50] . It is mainly expressed in LCs and testicular germ cells [51, 52] . Our results showed that the expression levels of these two lncRNAs and their target CYP19A1 significantly increased with age. These results indicate that these two lncRNAs might play important roles in testicular development in sheep via their cis regulation of CYP19A1. TCONS 01981470 was specifically expressed in the testes, similar to CYP19A1, which indicates that TCONS 01981470 might play more roles than TCONS 01962049 in the interaction with their target gene CYP19A1.
In conclusion, herein we reported a set of lncRNAs and genes that are associated with sheep testis development and potentially play roles in spermatogenesis, based on high-sequence and bioinformatics analyses of testis tissues during male sheep sexual maturation. We will further focus on the function of some of the lncRNAs screened in this study, expecting to provide more fundamental information for understanding the mechanisms of how they regulate sheep testis development or spermatogenesis.
Supplementary data
Supplementary data are available at BIOLRE online. The expression of CYP19A1 and its target lncRNAs TCONS 01962049 and TCONS 01981470. The PCR products were 113, 267, and 142 bp, respectively. The lanes from left to right represent the marker and the heart, liver, spleen, kidney, duodenum, jejunum, ileum, and testis tissues.
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